Introduction
Innate immunity offers the first line of defense against infection and danger by directly recognizing conserved pathogen-and danger-associated molecular patterns using pattern recognition receptors to initiate immune responses. Cytosolic sensors and adaptors assemble into large macromolecular complexes called inflammasomes [1, 2] . Inflammasome malfunction is associated with serious diseases in humans, including type II diabetes, atherosclerosis and gout [3] .
Mammalian inflammasome complexes are composed of at least a sensor molecule, an effector molecule (i.e. caspase-1) and the adaptor protein ASC [apoptosisassociated speck-like protein containing a caspaserecruitment domain (CARD)]. Upon stimulation by microbial and damage-associated signals, inflammasomes are assembled and activated, which results in the release of interleukin (IL)-1 and -18. Sensor molecules, such as NLRP3 or AIM2, recruit ASC via homotypic pyrin domain (PYD)-PYD interactions and induce the polymerization of ASC and the assembly of the ASC speck. Then, ASC further interacts with caspase-1 via CARD-CARD interactions. Therefore, the bipartite nature of ASC represents the core structure of the inflammasome. The ASC speck assembles in vivo on the micrometer scale [4] . Extracellular ASC specks released by pyroptotic cells further promote inflammasome activation [5] . The NAIP/ NLRC4/caspase-1 inflammasome was previously thought to be an ASC-independent inflammasome; however, a recent study showed that the binding of ASC CARD by VHH ASC (a nanobody against the CARD of human ASC) reduced speck formation and IL-1b secretion, but stabilized ASC filaments in the NAIP/NLRC4 inflammasome [6] , suggesting that ASC plays important roles in the NLRC4 inflammasome. Thus, ASC plays central roles in many types of inflammasomes.
Detailed information about the structure, assembly and dynamics of inflammasome components at the atomic level is critical for the understanding of inflammation processes. To date, the structures of human ASC PYD and full-length ASC have been determined by NMR spectroscopy [7, 8] . In addition, the fiber-like structures of both human and murine ASC PYD were revealed by cryo-EM [9, 10] . Molecular dynamics showed that the ASC speck is an organized structure mediated by specific interactions between its PYD and CARD [11] . Mutagenesis studies showed that its CARD is critical for mediating the interaction with the effector caspase-1 [12] .
However, there has been no crystal structure of an ASC PYD to date. Previously, we expended significant effort on the crystallization of the full-length ASC protein but achieved little success. The ASC protein is extremely prone to aggregation and is resistant to concentration, especially at protein concentrations higher than 1 mgÁmL
À1
, under physiological buffer conditions. However, crystallographers are still attempting to determine the crystal structure of ASC.
To better understand the molecular basis of ASC function, we characterized the structure and function of zebrafish ASC. Zebrafish is the evolutionarily lower organism that encodes an ASC homolog. Most studies of inflammasomes have focused on those in mammals, but little is known about those in teleosts. Structural and mechanistic studies of inflammasomes in lower vertebrates remain of great interest because of the simplicity of the components of these inflammasomes and their high similarity to those of higher organisms; these similarities may provide new insights into the mechanisms and evolution of inflammasome assembly [13] . There are several functional studies on characterization of inflammasomes of gilthead seabream [14] [15] [16] [17] , goldfish [18] and even zebrafish [19] [20] [21] [22] [23] . The zebrafish genome is predicted to have several NACHT, LRR and PYD-containing protein (NLRP) isoforms, including NLP3 (XP_009299711.1) and NLP3X1 (XP_ 017206752.1). In addition, zebrafish have two PYDcontaining caspase homologs, Caspy and Caspy2. Importantly, the zebrafish genome encodes a homolog of ASC. An analysis of genome structure revealed that the zebrafish asc gene contains more introns than do mammalian homologs, suggesting that some introns were lost during evolution. Nonetheless, zASC contains an N-terminal PYD and a C-terminal CARD, predicting functional similarity between mammals and zebrafish. In this study, we determined the crystal structures of the N-terminal PYD and C-terminal CARD of zebrafish ASC independently and elucidated the structural and functional similarities and discrepancies between zebrafish ASC and its mammalian counterparts.
Results

ASC is widely expressed in fish
Semi-quantitative PCR was used to determine the relative gene expression levels of zASC in different tissues of adult fish and at different developmental stages of the embryo. As shown in Fig. 1A , zASC mRNA transcripts were ubiquitously expressed in all immunerelated tissues, particularly in the kidney, intestine and gill, but there was very little expression in the heart. This pattern is similar to that reported in goldfish [18] . In addition, the zASC gene was expressed beginning at 1 somite (at 10 h post-fertilization) in the early developmental stage (Fig. 1B) . A recently study by Kuri et al. [20] showed zebrafish asc expression from morula stage onward, and both results suggest that ASC may play some fundamental role in embryo development in addition to mediating inflammatory responses. Interestingly, the IL-1b mRNA levels were significantly upregulated when zebrafish were treated with the inflammasome activator Staphylococcus aureus (Fig. 1C) , and mature, released IL-1b was detected by the ELISA assay (Fig. 1E) . However, there were no changes in zASC self-mRNA after exposure to either monosodium urate or S. aureus (Fig. 1C,D) . zASC forms specks in vitro and in vivo when overexpressed When the ASC speck was first observed over a decade ago, it was described as a hallmark of inflammasome activation [4, 24] . The ASC speck can be formed by endogenous or overexpressed full-length ASC protein. In mammals, ASC forms only one speck close to the nucleus per cell [4] . To determine whether zebrafish ASC also forms a speck, we transfected HeLa cells with AcGFP-empty, AcGFP-hASC and AcGFPzASC plasmids. Here, we used a monomeric AcGFP, which is a superior fusion tag that avoids selfoligomerization. The expression of AcGFP-zASC in HeLa cells resulted in the formation of green specks similar to those in hASC ( Fig. 2A , left side, indicated by red arrows) with one speck close to the nucleus per cell ( Fig. 2A, right side) . In addition, bimolecular fluorescence complementation (BiFC) technology was used in vitro to investigate and visualize zASC interaction in living cells. We found that zASC could interact with itself to bring the fluorescent fragments into close proximity to form a fluorescence signal (see Fig. 6B ).
The zebrafish model is often used to study innate immunity because of the transparency of its body in early life stages, which allows real-time visualization. Two days after AcGFP-zASC plasmids were microinjected into the one-germ-cell stage of zebrafish, in vivo speck formation was also observed in the yolk circulation area of the embryo (Fig. 2B , indicated by red arrows) while Kuri et al. [20] observed GFP specks in the epidermis with Tg(asc:asc-EGFP) larvae during treatment with copper sulfate. Both the above in vitro and in vivo results demonstrated that zASC oligomerizes as a speck.
Although ASC is the main structural component of the ASC speck, the roles of zASC PYD and zASC CARD in speck formation and downstream signaling are still unclear. To address these questions, we overexpressed zASC, zASC PYD and ASC CARD separately and evaluated their speck formation ability. In contrast to the formation of a large speck, zASC PYD formed less condensed filamentous structures in mammalian cells and zebrafish embryos, even in the absence of activated receptors for the full-length ASC ( Fig. 2A,B) , while a lack of filaments was observed in zASC CARDoverexpressing cells ( Fig. 2A ). This finding suggests that both the PYD and CARD of zASC are essential for speck assembly, although the PYD is the major polymerization domain, which is consistent with previous studies of mammalian ASC [25, 26] .
To further visualize the molecular structure of zASC, we purified monomeric His-NusA-GB1-tagged zASC, zASC PYD and zASC CARD proteins. Upon tobacco etch virus protease treatment to cleave off the His-NusA-GB1 tag in situ, ASC fibers and ASC PYD filaments spontaneously formed in 1 h, while zASC CARD did not (Fig. 2C ). Negative-stain electron microscopy images showed that the oligomerization of the full-length zASC led to the formation of fibers that were thicker than zASC PYD filaments (Fig. 2C , indicated by red arrows), suggesting that zASC CARD does have an oligomerization tendency in the context of ASC FL protein.
Structures of the zASC PYD and zASC CARD are highly conserved
After numerous attempts, we decided to use complementary techniques for the crystallization of ASC proteins. The bacterial maltose-binding protein (MBP) has been shown to be the best performing cocrystallization tag [27, 28] . In this study, we fused zASC PYD and zASC CARD separately to the C terminus of a MBP tag to facilitate the crystallization of the PYD and CARD. After testing several linker sequences, we successfully crystallized both the MBP-zASC PYD and MBP-zASC CARD fusion proteins, which led to the determination of their structures.
In our structure, the linker region between the Nterminal MBP and C-terminal PYD or CARD adopts a flexible conformation (Fig. 3A,B) , which moves the PYD or CARD away from the MBP tag and preserves its native conformation. Both zASC PYD and zASC CARD adopt a six-helix bundle fold similar to other death domain superfamily members ( Fig. 3C -E). The zASC PYD has the classical structure of the PYD subfamily, with a long loop (L2/3) between H2 and H3, followed by a short helix (H3) (Fig. 3A , indicated by red arrow). Its L2/3 has higher than average B-factors similar to other PYDs [29] , suggesting the high mobility of this region (Fig. 3D ).
Structural comparison
One-dimensional sequence analysis showed that zASC has high sequence homology to mammal orthologs, with 35% sequence identity and 51% similarity to hASC and with 32% sequence identity and 50% similarity to mASC. The three-dimensional structural comparison showed that zASC PYD is similar to hASC PYD and hNLRP3 PYD , with RMSD values of 1.18 and 1.08 A, respectively ( Fig. 3C and Table S1 ). In addition, the structural alignment of zASC CARD with the available hASC CARD and hNLRP1 CARD structures yielded RMSD values of 3.07 and 1.01
A, respectively ( Fig. 3E and Table S2 ).
zASC speck assembly is dependent on PYD-PYD interactions
Interestingly, PYD form continuous lines in the crystal lattice by leaving the MBP tags outside of the PYD string. There are two nearly symmetric PYD-PYD homotypic interaction interfaces in the crystal. We named them symmetric interface A (SA) and symmetric interface B (SB) (Fig. 3F) . A continuous PYD string forms by alternating both types of interfaces. Protein interfaces, surfaces and assemblies (PISA) [30] analysis of both interfaces showed that SA has an interface area of 675 A 2 containing 14 hydrogen bonds and eight salt bridges (Table S3) , while SB has an interface area of 571 A 2 containing seven hydrogen bonds and six salt bridges. Using PISA, the solvation free energy gain upon the formation of the interface (D i G) was calculated for the two interfaces, revealing values of 3.0 and 1.7 kcalÁmol À1 for SA and SB, respectively.
Judging from the interface area and interactions, we conclude that SA is more plausible for homotypic PYD-PYD interactions under physiological conditions. A close inspection of SA reveals that it resides in a region containing H1-H4. In particular, charged residues E14, R22, D47 and D50 are heavily involved in the interface, while the hydrogen bonding between Q10 and D19 is weaker, judging from the distance between them (Fig. 4A and Table S3 ). In this interface, a motif containing H1-H2 interacts with H3-H4 of a symmetric molecule, and H3-H4 interacts with H1-H2 of a symmetric molecule. While charge-charge interactions between side chains dominate the interactions, some interactions with the main chain are also involved. For example, OE2 of E14 forms a hydrogen bond with N of A18 of the other molecule; NZ of K25 on chain A forms a hydrogen bond with O of K46 on chain B; and NZ of K46 on chain A forms a hydrogen bond with O of E43 on chain B (Table S3) .
To understand the implications of the charged surface in ASC speck formation, we generated structurally guided ASC mutations targeting the interface SA, including Q10A, E14R, D19A, R22E, D47R, D50R and R22E/D47R. Among them, single or double mutations, including R22E, D47R, D50R and R22E/D47R, completely abrogated speck formation, suggesting that these mutants disrupt ASC-ASC interactions in cells (Fig. 4B, indicated by red arrows) . Most of these sites overlap with the reported classical type I asymmetric interface, and interface I is the most extensive interface and is required for the propagation of the single layers of the filament [9, 10] . In addition, E14 lies in the type III interface, and its mutation (E14R) caused a defect in ASC speck formation (Fig. 4B, indicated by red arrow) . In contrast, mutations of some non-conserved residues (Q10A and D19A) displayed ASC speck formation behavior similar to that of the wild-type (WT) protein (Fig. 4B , indicated by red arrows). Taken together, these data indicate that PYD-dependent zASC speck formation in the cell requires the same interface residues identified in our crystal structure.
Comparison with mammalian ASC PYD filaments
Both human and murine ASC PYD assemble into filaments in a conserved mode [9, 10] . As a result, we only compared the major interface of human ASC with zebrafish ASC. A PISA analysis of the most dominant type I interface of human ASC PYD filaments between the Ia and Ib surfaces showed that 12 residues are involved in this interface; among them, D51 and D54 are the major residues in Ia, while K21 and R41 are the major residues in Ib. This interface has a surface area of 479.5 A 2 containing five hydrogen bonds and seven salt bridges, and the solvation free energy gain upon formation of the interface (D i G) is 0.1 kcalÁmol
À1
. The major interacting residues in the SA interface of zASC PYD , namely, E14, R22, D47 and D50, are equivalent to E13, K21, D48 and D51 of hASC PYD , respectively. Therefore, three of the four major interacting residues of the SA interface of zASC PYD overlap with the hASC PYD type I interface. Despite the conserved residues in the interfaces, the domain orientation is notably different. If one of the subunits is aligned, the second unit interacting with the type I interface would have a different orientation (Fig. 4C) .
In addition to the conserved features, there are some notable variations between zASC and mammalian ASC filaments. Interestingly, F59 of human ASC is critical for the human ASC IIb interface, probably stabilizing H4 and forming a hydrophobic interaction with L78 of the neighboring molecule. Its mutation to E abolishes hASC filament formation [10] . The F59 is not conserved in lower vertebrates, with a V in zebrafish and a T in many bony fishes (Fig. 5) . Particularly for V/T59 (human ASC numbering), there is predicted to be lack of hydrophobic interactions with the nonconserved C78 in bony fishes. This observation supports that the zASC has distinct surface residues that probably form unique bony-fish-specific filaments.
Mutation of PYD abolishes its inflammasome activity
The murine RAW 264.7 macrophage cell line lacks ASC expression, but it resembles bone-marrow-derived macrophages when the ASC gene is ectopically introduced into it [12] . An ASC-reconstituted RAW 264.7 cell line was used to detect the effects of the mutation of PYD in zASC on inflammasome activity. We used cells with exogenous expression of zASC and mutant cells to analyze the level of mature IL-1b released into the supernatant by ELISA after the cells were treated with lipopolysaccharide (LPS) and nigericin. Similar to human ASC, zebrafish ASC reconstitutes NLRP3 inflammasome activity with LPS and nigericin treatment (Fig. 4D) . Furthermore, the analysis of the zASC mutant confirmed that most mutants, except for mutant 1 (Q10A) and mutant 3 (D19A), impaired functional speck formation and abolished nigericininduced NLRP3 inflammasome activity (Fig. 4E ).
zASC interacts with downstream Caspy through PYD-PYD interactions
The zebrafish genome encodes two PYD-containing caspases, Caspy and Caspy2, which are homologs of human caspase-1 and -4/5, respectively [31] . Here, we used the BiFC system (Fig. 6A ) to study the in vitro protein interactions. First, the BiFC results confirmed that zASC interacts with itself through both its N-terminal PYD and its C-terminal CARD, which validated our approach (Fig. 6B, indicated by red arrows) . We then investigated whether both Caspys can interact with zASC. The data showed that zASC interacts with Caspy but not Caspy2 (Fig. 6C, indicated by red arrow) . Additionally, the PYD of ASC (Fig. 6D , indicated by the red arrow), but not the CARD, interacts with Caspy (Fig. 6E,G) . C-ASC PYD and C-ASC CARD are expressed at comparable levels when they interact with N-Caspy (Fig. 6F) . In combination with previous reports that zASC CARD did not coimmunoprecipitate with Caspy [31] , these results showed that zASC recruits the downstream effector Caspy through a homotypic PYD-PYD interaction.
Furthermore, we found that Caspy and Caspy2 could interact with themselves (Fig. 6B , indicated by red arrows), which is similar to the dimerization/oligomerization of mammalian caspase-1 and caspase-11 [32, 33] .
Finally, although there is no direct NLRP3 ortholog that functions upstream of ASC in fish, a NACHT, LRR and PYD-containing protein 3 isoform X1 (NLP3X1, XP_017206752.1) is predicted to be present in the zebrafish genome. Our data showed that zASC interacts with zNLP3X1 through PYD-PYD interactions as well (Fig. 6C-E, indicated by red arrows, and Fig. 6G ).
Discussion
High-resolution structure of ASC In this work, we extensively studied the structural properties of zASC by determining the crystal structures of the PYD and CARD separately by fusing them to an MBP tag. We also performed an in vitro negative-stain EM study of the ASC signalosome. Based on the crystal structures, we found that the zASC PYD , but not the zASC CARD , tends to form intensive interactions with itself. Furthermore, we demonstrated that the fiber-like structures formed by zASC are primarily mediated by PYD.
Conformation of linker region
The full-length ASC protein has a 30-amino-acid-long linker region between the N-terminal PYD and Cterminal CARD (Fig. 5 ). This region is less conserved than the PYD and CARD regions among vertebrates. A previous NMR analysis of human ASC showed that the linker region is highly disordered, and the PYD and CARD do not have significant interactions [8] . Indeed, secondary structural prediction by PSIPRED [34] showed that the linker regions of most ASC proteins may potentially have a random coil structure. Taken together, these data led us to conclude that the sequence and length of the linker region are less important for proper ASC function.
PYD-PYD interactions
Charged surface residues have been shown to play critical roles in ASC oligomerization [25] . Moriya et al. found that the ASC molecule is composed of a continuous surface area with positively and negatively charged residues. After examining large-scale surface residue mutations, they further identified Lys21, Lys26, Arg41, Asp48 and Asp51 as critical for human ASC filament formation [25] . In addition, Vajjhala et al. [35] determined the PYD-PYD interface of human ASC using molecular docking calculations. The asymmetric interface contains positively charged residues (Lys21 and Arg41) on one molecule and negatively charged residues (Glu13, Asp48 and Asp51) on the other molecule. PISA analysis showed that it is not possible to form a stable complex through this SB interface. In the present study, we discovered a symmetric PYD-PYD interface in the crystal primarily formed by E14, D47 and D50 (corresponding to E13, D48 and D51 of human ASC, respectively) on one side and D19 and R22 (corresponding to E18 and K21 of human ASC, respectively) on the other side. These residues are conserved and have been reported to be essential for human and murine ASC filament formation [10, 11, 26, 35] . Our structure-guided mutagenesis studies confirmed that the clustering of zASC PYD filaments and their condensation into a dense speck structure required the intact PYD-PYD interface. Here, charge reversal double mutants (R22E/D47R) did not rescue the defectiveness of the single mutants. We assume another residue (such as D50) may be involved in interface interaction. Additional structural studies, i.e. cryo-EM studies of zASC filaments, are needed to answer whether lower vertebrates use the same process to assemble filaments.
PYD mediate signaling in zebrafish
In mammals, the adaptor ASC bridges the sensor receptor and oligomerizes via PYD-PYD interactions, while the CARD recruits downstream caspase-1 via CARD-CARD interactions [36] . Zebrafish ASC contains an N-terminal PYD and a C-terminal CARD. The largest difference lies in effector molecules. The Caspy protein is a PYD-containing caspase, although it shares the highest homology with CARD-containing caspase-1 in mammals. Our results showed that zASC oligomerizes as a speck via homotypic PYD-PYD interactions, and zASC interacts with the downstream effector molecule Caspy directly via PYD-PYD interactions. Recently, by examining the colocalization of the Caspy PYD with ASC PYD and ASC CARD in vivo, Kuri et al. [20] confirmed PYD interaction between zASC and zCaspy. However, zASC can likely recruit murine pro-caspase-1 to cleave pro-IL-1b in reconstituted RAW macrophages, which may be through CARD.
As an adaptor molecule, zASC is hypothesized to link putative upstream PYD-or CARD-containing proteins to Caspy. The NOD-like family member NLRP3, which is upstream of ASC, is specific to mammals. However, no homolog has been identified in lower vertebrates. Herein, we discovered a gene named NLP3X1 in the zebrafish genome. Interestingly, zASC interacts with NLP3X1 via its PYD. Whether NLP3X1 directly interacts with Caspy and its roles in inflammasome activation warrant further investigation.
In summary, our in vitro and in vivo studies showed that the monomeric structure and function of ASC are highly conserved in zebrafish. The ASC PYD presents a platform for homo-and hetero-PYD association in inflammasome assembly in lower vertebrates (Fig. 7) . However, whether IL-1b cleavage in zebrafish is dependent on Caspy or inflammasome activation needs further study. Future structural studies are urgently needed to clarify similarity and variation of ASC filament assembly in lower vertebrates at the molecular level.
Materials and methods
Cloning, protein expression and purification
The coding regions of the PYD and CARD regions of the zebrafish ASC gene (NM_131495) were amplified by PCR and separately ligated into an in-house engineered MBP-tagged expression vector in a pET30a backbone [29] . For large-scale expression, the recombinant plasmids were transformed into Escherichia coli Rosetta (DE3) strain (Stratagene, La Jolla, CA, USA) cells. Cultures were grown to a D 600 of approximately 1.2 at 37°C with constant shaking at 180 rpm. After the temperature was dropped to 18°C, isopropyl b-D-1-thiogalactopyranoside was added to a final concentration of 0.2 mM, and the cells were incubated for an additional 4-5 h. The cells were harvested and resuspended in Ni-binding buffer (500 mM NaCl, 10 mM imidazole and 20 mM Tris/HCl pH 8.0) supplemented with DNase (Biomatik, Cambridge, ON, Canada) and protease inhibitors (Roche, Indianapolis, IN, USA). After sonication, soluble protein was purified from the cell lysate with a HisTrap IMAC column (GE Healthcare, Little Chalfont, Buckinghamshire, UK), followed by a Superdex 200 preparative column (GE Healthcare) using gel filtration buffer (5 mM maltose, 2 mM DTT, 1 mM EDTA, 250 mM NaCl and 20 mM Tris/HCl pH 8.0). The peak corresponding to a monomer fraction was collected, and the purity was revealed by SDS/PAGE.
Crystallization, data collection and structure determination
The purified recombinant MBP-tagged zASC PYD or zASC CARD protein was concentrated to over 50 mgÁmL À1 , and crystallization conditions were screened using both commercially available and in-house-designed crystallization kits. Several hits were readily identified within 2 weeks after the set-up of hanging drops. High-quality zASC CARD X-ray diffraction data were collected at the GM/CA-CAT beamline at the Advance Photon Source and at the BL18U and BL-19U1 beamlines at the Shanghai Synchrotron Radiation Facility. The data were processed using the HKL2000 program suite [37] and XDS [38] . The structure was determined by molecular replacement calculations with PHASER [39] using the same mutant MBP structure (PDB code: 4IFP [40] ) as a search template. The structural model was improved by rounds of manual model fitting with COOT and structural optimization and refinement in the PHENIX GUI [41] . The final structural models were validated using the Molprobity server [42] and the RCSB ADIT validation server [43] . Molecular graphics were generated with PYMOL (Delano Scientific LLC, CA, USA). Protein sequence alignments were prepared with MEGA7 [44] , CLUSTALX 2.1 [45] and ESPRIPT 3 [46] . The structure superposition and the RMSD values of the structures were calculated with PYMOL.
Construction of zASC and mutagenesis
The entire open reading frames of zebrafish ASC, Caspy and Caspy2 were amplified by PCR from a cDNA library reverse transcribed from total mRNA prepared from the whole body of an adult zebrafish. The inserts were cloned into the pAcGFP-N1 vector (Addgene, MA) to generate pAcGFP-zASC and pAcGFP-zASC PYD . The PYD and CARD of zebrafish ASC, Caspy and Caspy2 were fused to the C-terminus of the EGFP fragment of the pEGFP vector (pNEGFP) and were fused to the N-terminus of the EGFP fragment of the pEGFP vector (pCEGFP), respectively. Point mutations in zASC were introduced using primer-mediated site-directed mutagenesis. The WT and mutant ASC were subcloned into the pAcGFP-N1 vector. All mutants were verified by DNA sequencing.
Transfection and immunofluorescence of tagged proteins
HeLa cells and human embryonic kidney (HEK)-293T cells were grown in DMEM supplemented with glutamine, antibiotics and 10% FBS. To assess the formation of ASC specks, cells were seeded on glass coverslips. The total amount of transfected plasmid DNA was quantified, and 1 9 10 5 HeLa or 293T cells were transfected with 1 lg of plasmid using Lipofectamine TM 2000 (Thermo Fisher Scientific, Life Technologies, Waltham, MA, USA) according to the manufacturer's instructions. For the cellular localization assay, HeLa cells were transiently transfected with pAcGFP-zASC. For the BiFC assay, 293T or HeLa cells were cotransfected with pNEGFP and pCEGFP fusion constructs. At 24 h post-transfection, the cells were fixed with 3.7% formaldehyde in PBS at 37°C for 10 min and were washed three times with PBS for 5 min each time. The samples were mounted with Ultra Cruz Mounting medium containing DAPI (Santa Cruz Biotechnology, Dallas, TX, USA; sc-24941). Images were acquired using a confocal fluorescence microscope (Olympus, Tokyo, Japan).
Reconstruction of inflammasome in RAW 264.7 cells
For the reconstitution of the ASC inflammasome pathway, the murine RAW 264.7 macrophage cell line, which lacks the expression of ASC [47] , was transfected with 0.8 lg pAcGFP-ASC or the ASC mutant plasmids in 24-well plate using 0.8 ll EndoFectin TM Max transfection reagent (GeneCopoeia, Rockville, MD, USA) according to the manufacturer's instructions. Thus fused ASC or ASC mutant with AcGFP is overexpressed. After 24 h transfection, the NLRP3 inflammasome was activated using 10 lM nigericin treatment for 2 h after priming with 300 ngÁmL À1 LPS for 6 h. Then, the culture supernatants were collected. The release of mature IL-1b was determined using an IL-1b ELISA kit (R&D Systems, Minneapolis, MN, USA).
Negative-stain electron microscopy
The GB1-NusA-tagged full-length zASC, ASC PYD and zASC CARD fusion proteins were expressed and purified in E. coli using the same protocol as for the MBP-tagged fusion proteins. Two hours after tobacco etch virus protease was added to the purified samples at a concentration of 50 lgÁmL À1 , which is sufficient to cleave off the GB1-NusA tag, the samples were observed using negative-stain EM without purification.
Experimental animal and bacterial strains
Fertilized cells of the AB/WT zebrafish strains were used in this study [48] . All treatments of experimental animals were approved by the Committee on the Ethics of Animal Experiments of the University of Science and Technology of China (USTC) (License Number: USTCACUC1103013) and were in accordance with the guidance and provisions of the Committee on Laboratory Animal Resource Center and the Animal Care and Use Guidelines of the USTC. GFP-expressing strains of Staphylococcus aureus (NCTC8325) were used and diluted to a uniform concentration of 1000 colony-forming units per nanoliter.
Gene expression analysis
One hundred larvae at the time points indicated and different tissues from adults were pooled and frozen in RNAiso Plus (Takara, Dalian, China). Total RNA was extracted according to standard procedures. RT-PCR was performed using a one-step RT-PCR kit (Takara, China) following the manufacturer's instructions.
Quantitative real-time PCR was performed with a BioRad iCycler MyIQ2 instrument using the two-step real-time quantitative PCR SYBR Green Supermix kit (Bio-Rad, Hercules, CA, USA). For each mRNA, the gene expression was normalized against the expression of ef1a in each sample. The primers used are shown in Table S4 . In all cases, PCR was performed in triplicate and repeated at least twice.
Zebrafish in vivo imaging
For in vivo observations of ASC speck and ASC PYD filament formation, 3 days post-fertilization AB/WT zebrafish were used in imaging after zASC overexpression. Prior to imaging, all larvae were also treated with 0.01% MS222 (3-amino benzoic acid ethyl ester). An Olympus (BX60WI) fluorescence microscope with a 9 10 Olympus Plan Fluor objective (NA 0.30) and a 9 60 Olympus Plan water-dipping objective (NA 0.9) were used to obtain the fluorescence images. To prevent damage to the living samples, a minimal exposure time was used. IMARIS software (Bitplane, Zurich, Switzerland), ImageJ software (NIH, Bethesda, MD, USA) and Adobe Photoshop CS2 were used for image processing.
IL-1b ELISA assay
The concentration of mature zebrafish IL-1b in the whole body was quantified using a fish ELISA kit according to the manufacturer's instructions (Cusabio, Wuhan, China). The statistical significance of differences was evaluated using Student's t test.
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